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O cular trauma is a prevalent threat to vision in both civilian and military populations; it is the fourth leading cause of blindness globally, affecting an estimated 1.5 to 2 million people per year. 1 Injuries sustained from explosives are a hallmark of recent wars and are classified as primary (impact of the blast wave), secondary (impact of debris), tertiary (impact of body onto a surface), or quaternary (burns and chemical exposure). 2 Damage to the optic nerve and retina, and visual deficits have been reported in Veterans with blast-induced traumatic brain injury (TBI). [3] [4] [5] In one study, closed-eye injuries were detected in 45% of Veterans with mild TBI 4 months after blast despite a lack of previous eye findings. 4 Ocular blast injuries are often bilateral and include hyphema, retinal detachments, retinal edema, traumatic optic neuropathy, and loss of visual field (see Ref. 6 for review). 3, 4, 7, 8 While there is a dearth of information on the cellular and molecular mechanisms of blast injury to the eye, these pathways have been explored in the brain after blast. Recent studies of TBI report a rapid elevation in oxidative stress along with early necrosis post injury. 9, 10 This is followed by induction of apoptosis and microglial activation suggesting a role for oxidative stress and neuroinflammation. 10, 11 Markers of the alternative cell death pathways, necroptosis and pyroptosis, have also been detected in models of TBI.
Necroptosis (programmed necrosis) is an active cell death pathway initiated through the TNF receptor and receptorinteracting protein kinases (RIP)-1 and -3. Cell death is caused by increasing metabolic activity and generation of reactive oxygen species (see Ref. 12 for review). Treatment with a RIP1/3 complex blocker, necrostatin-1, significantly reduced the number of necrotic nuclei in a mouse model of TBI. 13 Pyroptosis (inflammation-mediated cell death) has been reported in some neurodegenerative diseases (see Ref. 14 for review), and in TBI mouse models, 15, 16 and patients. 17 A number of different cell stress signals including extracellular ATP and mitochondria-derived reactive oxygen species activate the inflammasome. The inflammasome cleaves procaspase-1 into caspase-1, which then cleaves the proform of the inflammatory cytokines, IL-1b, and IL-18 into their mature forms. 18 Blocking caspase-1 activation in a mouse model of TBI significantly reduced lesion volume and improved function. 15 Our model reproduces ocular pathologies detected in patients with closed globe injuries sustained from explosive blasts or blunt force trauma (e.g., corneal edema and decreased visual acuity with an intact globe). 2, 19 The goal of the current study was to use this model, where an over-pressure air blast is directed at the eye, 19 to investigate cell death pathways activated in the retina after blast and to monitor vision over the course of 1 month.
MATERIALS AND METHODS

Animals
Three-month old C57Bl/6 mice (n ¼ 67; The Jackson Laboratory, Bar Harbor, ME, USA) were maintained on a 12 hour light/dark cycle and provided food and water ad libitum. 
Ocular Blast Injury
Blast was performed as previously described. 19 Briefly, mice were anesthetized with ketamine/xylazine and secured within a padded housing chamber. The left eye was positioned across from the barrel of a modified paintball gun and the rest of the mouse was protected from the blast wave. Output pressure was measured prior to and following each eye blast. Mice were exposed to a single 26 psi blast that had a time to peak of 3 ms and a duration of approximately 3.7 ms. Age-matched, nonblast, or sham-blast mice were used as controls. Mice were euthanized and perfused with 4% paraformaldehyde (PFA) in PBS at 3, 7, and 28 days post blast.
Lipopolysaccharide (LPS) Injections
Adult mice were injected intravitreally with either PBS or 250 ng LPS. After 6 hours, mice were euthanized and eyes were collected for analysis. 20 
Ultra-High Resolution Optical Coherence Tomography (OCT)
Mice (n ¼ 16) were anesthetized with ketamine/xylazine, wrapped in gauze, and placed in a holder with their heads stabilized by a bite bar. Eyes were dilated with 1% tropicamide (Akorn, Lake Forest, IL, USA) and kept moist with Systane ultra drops (Novartis, Basel, Switzerland). Retinas were imaged with an ultra-high resolution spectral-domain OCT system and mouse retinal bore (Bioptigen, Durham, NC, USA). Measurements were made using digital calipers.
Visual Acuity
Photopic spatial frequency thresholds (i.e., visual acuity) were assessed by optokinetic nystagmus (OKN) using an OptoMotry system (Cerebral Mechanics, Lethbridge, AB, Canada) in awake mice (n ¼ 15) at baseline, 3, 7, 14, and 28 days post blast or after sham blast (exposed to anesthesia, but not blast, n ¼ 10).
A step-wise, masked paradigm was used. Mice were acclimated to the testing chamber for 5 minutes prior to the initiation of each test. The speed of sinusoidal grating rotation and contrast were maintained at 0.042 c/d and 100%, respectively. 
Flash ERG
Flash ERGs were performed at baseline and 28 days post blast in mice dark-adapted overnight, anesthetized with ketamine/ xylazine, dilated with 1% tropicamide, and placed on a heated mouse platform within the Ganzfeld dome of a Diagnosys LLC Espion Electrophysiology system (Lowell, MA, USA). Mice were exposed to flashes of light ranging from À2 to 2.88 log cd*s/m 2 with a flash frequency of 2000 Hz. For flashes below À1 log cd*s/m 2 , the inter sweep delay was 10 seconds, for the À1 log cd*s/m 2 flash it was 15 seconds, and for all remaining flashes, the delay was 20 seconds. Oscillatory potentials were measured at 3 log cd*s/m 2 sampled at 2000 Hz with an inter sweep delay of 15 seconds. Amplitudes were measured from baseline to peak.
Eye Histology
Eyes (n ¼ 7) were immersed in 4% PFA and 0.5% glutaraldehyde, bisected, and embedded in resin. One-micron thick sections were collected using a Reichert-Jung Ultracut E Leica microtome (Vienna, Austria) and stained with 1% toluidine blue. Representative images were collected on an Olympus Provis AX70 microscope (Olympus, Center Valley, PA, USA) with a 360 oil objective lens. Pyknotic nuclei were identified by darker staining with toluidine blue. The number of pyknotic nuclei in the outer nuclear layer (ONL) or inner nuclear layer (INL) was quantified within 1 to 4 sections of retina through the middle of each eye.
Optic Nerve Histology
Optic nerves (n ¼ 15) were preserved in 4% PFA and 0.5% glutaraldehyde, postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer, dehydrated in a graded ethanol series, tative sections from the entire eye. Slides were rinsed with PBS and incubated at room temperature in normal donkey serum (NDS; 1:20) in 0.1 M phosphate buffer with 0.5% bovine serum albumin and 0.1% Triton X-100 (phosphate buffer plus Triton X-100 [PBT]) for 2 hours. The slides were incubated overnight at 48C in primary antibody in PBT (Table) , then rinsed with PBS and incubated in the appropriate fluorophore-conjugated secondary antibody (donkey anti-rabbit or mouse-Alexa Fluor 488, 568, or 594; Life Technologies, Carlsbad, CA, USA) for 2 hours at room temperature. Slides were rinsed with PBS, mounted in Vectashield Mounting medium with 4 0 ,6-diamidino-2-phenylindole dihydrochloride (DAPI; Vector Laboratories, Burlingame, CA, USA), and imaged on a Nikon Eclipse epifluorescence microscope (Nikon, Melville, NY, USA) or an Olympus FV-1000 confocal microscope (Olympus). Additional slides were labeled for TUNEL with the Milipore Apoptag Detection Kit (Darmstadt, Germany), adhering to the manufacturer's protocol. Slides were mounted with Vectashield Mounting Medium with DAPI and imaged on the Nikon microscope. Images were collected from affected and unaffected regions and therefore were not necessarily from the same eccentricity, thus, retina thickness may vary but the magnification, gain, and exposure settings were held constant.
TUNEL Quantification
The number of TUNEL-positive cells within each retinal layer was quantified and the length of the region in the sections with TUNEL-positive cells (affected region) was measured using NIS Elements Advanced Research software (Nikon). The total length of each section with TUNEL-positive cells (affected section) was measured. In order to determine the percentage of the retina with cell death, the lengths of all sections on the slide were measured and summed. The sum of affected region lengths was divided by the total length of all sections and multiplied by 100 to yield the percentage of retina with TUNEL-positive cells.
Statistical Analysis
Visual acuity and ERG data were analyzed using Prism software (Graphpad, San Diego, CA, USA). The means 6 SEM were presented for each data set. A one-way ANOVA with a Bonferroni post hoc test was used to analyze the visual acuity. A Student's t-test was used to compare baseline and 28-day ERG responses.
RESULTS
Blast Can Cause Retinal Detachments
Since trauma-induced injuries occur in focal areas in the central and midperipheral retina, 6, [21] [22] [23] we repositioned the eye during OCT imaging in order to visualize the peripheral retina. The majority of the retina looked normal at all time-points (Fig.  1A) . However, disruption of the outer segments (as determined by a bright area on the fundus and b-scan) was occasionally detected within the midperiphery at 7 days post blast (n ¼ 8; Fig. 1B ). Most disruptions resolved over time; one was detectable at both 14 (n ¼ 13) and 28 days (n ¼ 12) post blast. Retinal detachments were rarely detected at all timepoints and, when present, were small, having an average height of 0.02 mm 6 0.003 (Fig. 1C) .
Blast Causes Rare Corneal Edema
We previously reported that a small subset of mice develop corneal edema after blast. 19 Here, we show histologic evidence of stromal edema, vacuoles in the corneal endothelium, and disruption of the epithelium (Figs. 2C, 2E) . Turnover of epithelial cells as detected by TUNEL did not exceed that of healthy controls at 7 (n ¼ 4) and 28 days (n ¼ 9) (Figs. 2B, 2D , 2F), with the exception of 1 to 2 eyes (data not shown).
Blast Damages the Neural Retina, RPE, and Optic Nerve
Focal damage was detected in all eyes at 7 (n = 3) and 28 days (n = 4) post blast (Fig. 3 ). Control retinas (n ¼ 3) had 0.17 6 0.39 pyknotic nuclei total as compared with 2 6 1 in the ONL and 2 6 2 in the INL at 7 days after blast (Figs. 3C, 3D ). This increased to 15 6 12 pyknotic nuclei in the ONL and 7 6 4 in the INL at 28 days after blast (Figs. 3E, 3F) . In control retinas, RPE vacuoles were nonexistent (Fig. 3B, inset) . In contrast, small, frequent RPE vacuoles were observed in all eyes at 7-days post injury (Fig. 3D, inset) . At 28 days after blast, RPE vacuoles were rare (Fig. 3F, inset) . The axons of the optic nerve retained a clear axoplasm and tight myelin comparable with controls ( Fig. 3G ) until 28 days post blast when a few degenerating axons, as determined by dark staining due to collapsed myelin, 24, 25 were present in 3 of 5 optic nerves (Fig.  3H) .
Blast Causes Focal, Delayed Cell Death in a Subset of Mice
All retinal sections were TUNEL-negative in control and in 3-(n ¼ 6) and 7-day (n ¼ 4) postblast retinas. At 28 days post injury (n ¼ 9), 44% of blast eyes contained TUNEL-positive nuclei in 3 6 2% of the retina. Affected regions were primarily located in the midperipheral retina and occasionally in the central retina (Figs. 4A, 4B ). The affected regions contained 143 6 78 TUNEL-positive nuclei, while the average number per millimeter total retina was 4 6 3. The majority of TUNEL-positive nuclei were located in the ONL (92%), 8% were present in the INL, and none were detected in the ganglion cell layer (GCL). TdT-dUTP terminal nick-end labeling staining filled complete cell bodies or appeared fragmented and diffuse in the cytoplasm of individual cells (Fig. 4D) as has been reported by other models. 26 Adjacent regions were TUNEL-negative (Fig. 4E) .
Blast Causes Nonapoptotic Cell Death
There were only a few cleaved caspase-3-positive nuclei, even in regions with numerous TUNEL-positive cells (data not shown). In contrast, notable changes in RIP1 and RIP3 and caspase-1 were detected after blast.
At all time points post blast, changes in RIP1 and RIP3 immunolabeling were restricted to two to three sections in the midperipheral and sometimes central retina, consistent with the localization and extent of TUNEL labeling. Antibody specificity was confirmed by Western blot analysis (data not shown) and immunolabeling of retinas from buffer or LPSinjected eyes (Fig. 5B) . At 3 days post injury (n ¼ 4), prior to detection of cell death, there was a strong increase in RIP1 staining within the Müller glia and IPL and a reduction in RIP3 labeling, as compared with controls (Figs. 5A, 5C ). At 28 days after blast (n ¼ 5) when cell death was present, RIP1 labeling was slightly elevated while RIP3 labeling appeared to increase above control levels in the IPL and INL (Fig. 5D) . Receptorinteracting protein kinases 3 labeling was also present in the ONL at 28 days post blast (Fig. 5D) .
No caspase-1 labeling was detected in control retinas (Fig.  5E ), but positive cells were detected in inner retinal neurons throughout the retinas of LPS-injected eyes (Fig. 5F ). A few caspase-1 labeled cells were present in the inner portion of the INL in one of four retinas at 3 days after blast. Positive cells were restricted to small regions, primarily in the midperipheral retina (Fig. 5G) . Caspase-1-positive cells were present throughout the GCL in two of three retinas at 7 days post injury (Fig. 5H) . At 28 days post injury, caspase-1-positive cells were present throughout the retina in the inner portion of the INL and occasionally in the GCL in four of five eyes (Fig. 5I) . The density of caspase-1-positive cells was much higher at 28 days than at 3 or 7 days post blast. Double-labeling with choline acetyltransferase (ChAT) revealed colocalization in the majority of cells (Fig. 5J) . There was no colocalization of caspase-1 with tyrosine hydroxylase (TH), a marker of dopaminergic amacrine cells (Fig. 5K) .
Blast Causes Glial Reactivity
Glial fibrillary acidic protein (GFAP) labeling was similar to controls at all time points post blast (Figs. 6A-D) . In the healthy retina and in unaffected regions of the blast retinas, microglia had a typical ramified appearance and small cell body, and their localization was restricted to the inner retina (Fig. 6E) . Within small regions in the midperipheral and, occasionally, central retina of 3 (n = 6) and 7 (n = 4) day postblast retinas, the microglia exhibited shorter processes and larger cell bodies, indicative of a more reactive state (Figs.  6F, 6G ). At 28 days (n ¼ 5) after blast, the microglia were amoeboid in appearance and were detected in the ONL (Fig.  6H) .
Protein Nitration Increases After Blast
Light nitrotyrosine immunolabeling was present in the healthy retina (Fig. 7A) and labeling was brighter in retinas from LPS injected eyes, as expected (Fig. 7B) . At 3 (n = 5) and 7 (n = 4) days post injury, nitrotyrosine was elevated in the inner retina of the midperipheral (Figs. 7C, 7E) , not central (Figs. 7D, 7F ), retina. The labeling appeared strongest in the inner portion of the INL (Fig. 7E) . At 28 days post blast (n ¼ 5), increased and diffuse immunolabeling was detected in the inner and outer retina and extended throughout the retina (Figs. 7G, 7H ).
Blast Causes Alterations in Visual Function
The ERG a and b wave latencies were unchanged post blast (data not shown). The a max of 28-day postblast mice was increased significantly at 0, 1, and 3 log cd*s/m 2 when compared with baseline (Fig. 8A , **P < 0.01, *P < 0.05). In contrast, the b max was only significantly increased at 0 log cd*s/ m 2 when compared with baseline ( Fig. 8B , P < 0.05). The increase in the b max (30%) was only one-half of the increase in the a max (60%) at this intensity. Oscillatory potentials 1 and 2 (OP1-2) increased significantly at 28 days post blast while OP3 decreased significantly at the same time point (Fig. 8C , P < 0.05) as compared with baseline.
Spatial frequency thresholds (i.e., visual acuity) were measured using the OKN behavioral test. Sham-blast mice showed an improvement in their tracking with repeated testing, consistent with previous reports (Fig. 8D) . 27 The visual acuities after sham or blast, respectively, were 0. (Fig. 8D) . The difference between the sham controls and the blast-exposed mice was statistically significantly when comparing the same time points (P < 0.05 at 14 days, P < 0.01 at 7 and 28 days). 
DISCUSSION
This model of eye-blast induces a delayed injury response similar to what has also been described in models of TBI (see Refs. 28, 29 for review), and in Veterans with blast-induced mild TBI. [3] [4] [5] The lack of robust histologic damage after blast is consistent with models of blast-induced mild TBI that exhibit behavioral deficits despite only subtle histologic changes. 30 We show that an over-pressure air blast to the eye causes molecular and cellular changes to all layers of the retina, leading to regional, nonapoptotic cell death, and decreased vision.
In the outer retina, the RPE vacuoles recovered at 28 days post blast as did the photoreceptor inner and outer segment disruption and rare retinal detachments. Rhegmatogenous retinal detachments are known to cause photoreceptor cell death with a peak at 3 days. 31 However, no cell death was detected until 28 days after blast and, although the majority was photoreceptor, the cell death was overall variable and minimal. This, in conjunction with the lack of a decrease in the ERG a wave suggests that the amount/extent of photoreceptor cell death was insufficient to adversely affect vision. This is consistent with other blast studies. [32] [33] [34] The surprising increase in the ERG a wave after blast may be due to decreased rod photoreceptor sensitivity or light adaptation. A similar effect was reported in cannabinoid receptor knock-out mice. 35 The only cell death marker that was substantially increased in the outer retina after blast was RIP3, suggesting that the photoreceptors may die of necroptosis. Receptor-interacting protein kinases 3 directly interacts with several mitochondrial enzymes and, only when overexpressed, pushes metabolism into overdrive, resulting in excess production of reactive oxygen species and necrosis. 18 Both TNF-a and RIP3 have also been reported to increase activation of microglia. 36 Detection of RIP3 in the ONL at 28 days after blast correlated with detection of reactive microglia and increased nitrotyrosine immunolabeling in the ONL. This suggests that RIP3 may also contribute to both microglial activation and oxidative stress in the outer retina, which may result in additional cell loss at later time points. Future studies will investigate the role of RIP3 in the retina after blast.
Although rare, TUNEL-positive cells were detected in the INL in a subset of retinas. The localization did not appear to be specific to any particular cell type within the INL. As has been reported in other blast models, the most consistent and robust molecular changes were detected in the inner retina and involved nitrosative stress. 32, 34 In particular, one model using the same blast pressure used in this study, detected increased iNOS labeling in the inner retina. 34 The increased peroxynitrite activity in the inner retina and increased RIP 1, RIP 3, and caspase-1 labeling in the INL could be linked since oxidative stress is both a trigger for, 15 and a product of, pyroptosis and necroptosis. 15, 37, 18 The presence of caspase-1 in the starburst amacrine cells has interesting implications for both functional and pathological outcomes following blast injury. These cells are critical for signaling directional selectivity onto downstream RGCs and are, therefore, necessary for the OKN response that is used to measure visual acuity (see Ref. 38 for review) and damage to them could underlie the decrease in visual acuity and the alterations in the OPs detected after blast in our model. The spread of caspase-1 labeling from small retinal regions at 3 days post blast to amacrine cells throughout the entire retina at 28 days post blast suggests spread of a molecular signal to neighboring cells. The amacrine cells are connected to each other by connexin-mediated gap junctions through which small signaling molecules can travel to enact neuroprotection or neurodegeneration. [39] [40] [41] [42] [43] Despite the lack of RGC death in our model at 28 days post blast, our results suggest that they may die at later time points, as reported in other blast models. 32, 33 First, we begin to detect axon degeneration at 28 days post blast, which may precede RGC death as it does in traumatic optic neuropathy. 44 Second, labeling for nitrotyrosine and markers of pyroptosis and necroptosis in the GCL are increased at 1 month post blast. This is consistent with other studies showing the first evidence of RGC death at 4 months post blast. 32 In summary, markers of oxidative stress and inflammation increase over time after blast and are primarily localized to the inner retina, suggesting that inner retinal changes may drive visual deficits and that further cell death may be expected at later time points after blast (Fig. 9) . This study provides molecular insight into the effects of ocular trauma on the neural retina that may underlie the delayed vision loss that occurs in blast-exposed patients despite a healthy ophthalmological exam.
